Ovarian development in the domesticated silkmoth, Bombyx mori, is induced by the molting hormone 20-hydroxy-ecdysone (20E) shortly after larval-pupal ecdysis. Studies of the ecdysone response in Drosophila and other insects have shown that 20E exerts its effects initially by the induction of a small number of early genes, including the orphan nuclear receptors HR3, that transduce and amplify the hormone signal. Here we show that the silkmoth orphan receptor BmHR3A acts in the 20E-induced regulatory cascade in the ovary during pupal and pharate adult development in a manner different than that observed in the classical ecdysone regulatory hierarchy in Drosophila salivary glands at the end of the third instar. While other isoforms of BmHR3 are induced as early gene products in the ecdysone response, BmHR3A is induced 2 days after 20E administration in the silkmoth ovary and, thus, behaves as late product. The period of accumulation of BmHR3A in ovarian follicular cells occurs during vitellogenesis and coincides with the period of transcriptional expression of the ESP (egg-speci®c protein) gene, whose product constitutes a major component of the egg yolk, while it is reciprocal to the period of expression of BmGATAb, a gene encoding a regulator of late chorion gene expression. Bandshift experiments demonstrate that BmHR3A binds speci®cally to RORE (Retinoic acid-related Orphan receptor Response Element)-like sequences in the promoters of both genes, thus suggesting a direct role for BmHR3A in regulating the expression of BmGATAb and ESP genes during vitellogenesis. Finally, we show that BmHR3A functions as a constitutive transcriptional activator in a B. mori derived cell line. We propose that BmHR3A may function as a regulator of vitellogenesis in the silkmoth ovary. q
Introduction
The domesticated silkmoth, Bombyx mori, represents a model of choice for studies on insect oogenesis because of the structural organization of the ovary. The ovary consists of four ovarioles or strings of follicles, in which each follicle represents a different developmental time point in the process of oogenesis and differs from its neighbor by two hours of developmental distance (Swevers and Iatrou, 1992) . Seven days after larval-pupal ecdysis, all stages of oogenesis are present in the female pharate adult, and each stage can be studied individually without the need of time course experiments. The ®rst follicles enter vitellogenesis in early (day 2) pupae, and the most mature follicles in the ovariole enter choriogenesis ®ve days after larval-pupal ecdysis (Swevers and Iatrou, 1992; Sato and Yamashita, 1991) .
A key factor required for the initiation of oogenesis during early pupation is the steroid hormone 20-hydroxyecdysone (20E). Studies, in which 20E is injected into developmentally arrested abdomens, have shown that 20E is both necessary and suf®cient for in vivo induction of ovarian development (Tsuchida et al., 1987; Swevers and Iatrou, 1998) .
The general response to 20E has been studied extensively in Drosophila. In this organism, it has been shown that 20E exerts its effects by binding to a receptor complex consisting of two nuclear receptors, the ecdysone receptor EcR and the product of the ultraspiracle gene (USP) (Yao et al., 1993) . Activation of the EcR complex results in the transcriptional stimulation of the early response genes that include the orphan nuclear receptors DHR3 and E75 and the transcription factors E74 and Broad-Complex (Thummel, 1996) . The early response gene products are necessary for the transcrip-tional activation of the late genes that will de®ne the functional and morphological properties of the tissue.
The ecdysone receptor of B. mori (BmEcR) has also been cloned and shown to form a functional complex with BmCF1 (Tzertzinis et al., 1994) , the silkmoth homolog of Drosophila USP (Swevers et al., 1996) . Both BmEcR and BmCF1 are expressed in follicular cells during oogenesis indicating that these cells are direct targets for the hormone . A further understanding of the way in which 20E induces ovarian development, requires the identi®cation of genes that are induced by receptor-bound 20E.
To isolate genes that are induced by 20E in the ovary at the beginning of pupation, we isolated a number of silkworm 20E responsive genes. Some of these factors, including several isoforms of the orphan nuclear receptors E75 and HR3, whose expression is directly induced by 20E in vitro and follows the ecdysteroid titer during development in vivo, have been previously identi®ed in Drosophila and a few Lepidoptera (Koelle et al., 1992; Palli et al., 1992 Palli et al., , 1996 Jindra et al., 1994) . The work described in this paper focuses on the isolation and the developmental characterization of the A isoform of the silkworm ecdysone-responsive gene HR3 (BmHR3A), and on a parallel assessment of the developmental properties of other isoforms of BmHR3.
Results and discussion

Structural characterization of BmHR3A
The 1.9 kb cDNA insert obtained after screening the library using the HR3-speci®c PCR fragment as a probe contained a 490-amino-acid open reading frame (ORF) preceded by a 5 H -UTR of 278 bp and followed by a 3 H -UTR of 168 bp. The encoded polypeptide has high amino acid sequence similarity to previously cloned insect HR3 orphan receptor cDNAs (Fig. 1) . Interestingly, however, while the silkmoth HR3 (BmHR3) resembles its lepidopteran counterparts more closely than the Drosophila one in most of its functional domains (100% amino acid sequence identity in the DNA binding domain, 69±85% in the hinge region, 85±95% in the ligand-binding domain, and 80±100% in the C-terminal F domain), its N-terminal (isoform-speci®c) domain had a considerably higher similarity to the Drosophila N-terminal domain (54%) than to the corresponding domains of the lepidopteran orphan receptors (only 20±30%). Based on the sequence characteristics of the N-terminal domain and size of its mRNA (see below), we consider the cloned silkmoth receptor to be the A-isoform of Bombyx HR3 (BmHR3A; for discussion of the various HR3 isoforms, see Palli et al., 1997) . Fig. 1 . Alignment of the amino acid sequences of the HR3 polypeptides of the Lepidoptera B. mori (Bm, GenBank accession no. AF073927), Manduca sexta (Ms, X74566), Galleria mellonella (Gm, U02621), Choristoneura fumiferana (Cf, U63929) and the Diptera Drosophila melanogaster (Dm, M90806) and Aedes aegypti (Aa, AF230281). Residues in HR3 receptors that are identical to residues in the Bombyx receptor are boxed in black. Also boxed in black are residues that are conserved among all receptors except the Bombyx receptor as well as all residues in the Bombyx receptor that are identical to at least one other receptor. The sequences of the isoform-speci®c N-termini are separated by the common regions by a white line. The isoforms shown are HR3A for Bombyx and Drosophila, HR3B for Manduca and Galleria and HR3C for Choristoneura fumiferana (Palli et al., 1997) . Note that the Aedes HR3 receptor has a N-terminus that has no signi®cant homology to any other HR3 receptor isolated so far (Kapitskaya et al., 2000) . The regions of the DNA-binding domain and ligandbinding domain are indicated by bold underline and bold dotted underline, respectively. Genomic Southern blot hybridizations using probes corresponding to the 5 H and 3 H ends of the BmHR3A cDNA resulted in the detection of single hybridizing fragments with all restriction digests of genomic DNA, suggesting that BmHR3 is encoded by a single copy gene (data not shown).
Developmental properties 2.2.1. Ovarian expression during metamorphosis
The patterns of BmHR3 mRNA expression in the ovary during late larval and pharate adult development were examined by Northern hybridization of ovarian RNA isolated from larvae and pupae at different stages of development. As shown in Fig. 2A (top panel), a complex pattern of different mRNA isoforms is detected in day 5 ovaries with a hybridization probe encompassing the C-terminal regions of BmHR3A cDNA. Their sizes range from 3.5 to 5.5 kb. Hybridization with the probe that encompasses only the N-terminal domain of the cloned BmHR3A (Fig. 2B , second panel) identi®es the mRNA with the lowest molecular weight (MW) (3.5 kb) as the mRNA isoform corresponding to BmHR3A. The identities of the high-MW mRNAs in Bombyx ovaries were not determined but the analysis of HR3 mRNA induction pro®les observed in other lepidopteran species has shown that different HR3 mRNA isoforms encode protein isoforms that differ from one other in their N-terminus as well as their hinge regions (A, B, C and D isoforms; Palli et al., 1997) . The presence of the C isoform of BmHR3 in silkmoth ovarian extracts has indeed been con®rmed through the isolation of a partial cDNA clone representing this isoform (K. Ito, K. Iatrou, unpublished results).
BmHR3A mRNA ( Fig. 2A , second panel) is absent from the ovaries of day 3 spinning larvae, when the 20E titer in the hemolymph is declining, and also absent from the ovaries of day 0±1 pupae, when the hormone titer is high (see Calvez et al. (1976) ; Tsuchida et al. (1987) for a description of ecdysteroid titers in the hemolymph during metamorphosis). This mRNA is induced in the ovary some time around day 3 of pharate adult development, when the titer of the hormone is again declining, and peaks in abundance on day 5, when the hormone titer is low. In contrast, the ovarian levels of the high MW mRNA isoforms ( Fig. 2A, top panel) are low when the titer of circulating 20E is high (day 1 pupae), become strongly up-regulated in day 3 pupae, when the titer of circulating 20E starts declining, and remain high until day 5 of pharate adult development, when the ecdysteroid titer is low. The mRNA isoforms with the highest MW (5.5 kb) appear to be down-regulated ®rst in day 5 pupae. The expression of all BmHR3 mRNA isoforms is down-regulated in the ovaries of day 8 pupae, when circulating 20E is absent.
These results suggest the existence of two types of transcriptional or post-transcriptional regulation for BmHR3 gene expression. The ®rst one (for high MW BmHR3 mRNAs) is manifested as an early response to 20E; the second (for BmHR3A mRNA) is manifested as a late response occurring during declining titers of circulating 20E.
Transcriptional induction by 20E
To con®rm the degree of dependence of ovarian BmHR3 transcriptional expression on 20E, the patterns of BmHR3 mRNA induction were analyzed by hybridization following administration of 20E into developmentally arrested (20E-depleted) pupal abdomens. Northern blot analysis of ovarian RNA isolated at different times after 20E injection using a probe speci®c to the N-terminus of BmHR3A, revealed that BmHR3A is induced by 20E two days after injection (Fig.  2B, top panel) . In contrast, when a fragment encompassing the remaining regions of BmHR3A was used as probe, strong induction of high MW mRNA species (between 4.5 kb and 5.5 kb) was observed 2 h after hormone injection (Fig. 2B, middle panel) . These results con®rm that the induction of high MW BmHR3 mRNA is an early response to 20E administration, while the induction of BmHR3A is a late response. Our identi®cation of BmHR3A as a late 20E-responsive gene therefore contrasts with earlier studies of Drosophila metamorphosis and larval development in other lepidopteran species in which the induction of HR3 receptors is shown as a rapid response to 20E (Huet et al., 1995; Horner et al., 1995; Palli et al., 1992 Palli et al., , 1996 Jindra et al., 1994) .
It should also be noted that no correlation can be made between expression of BmHR3A mRNA and accumulation of maternal ecdysteroids in the ovary, because the latter start accumulating in the developing follicle 4 days after pupation (Ohnishi and Chatani, 1977; Legay et al., 1976) , i.e. 1 day after the onset of BmHR3A gene expression.
Expression in developing ovarian follicles
To determine in which stages of follicle development BmHR3 preferentially accumulates, RNA was extracted from pools of vitellogenic and choriogenic follicles at consecutive stages of development and subjected to Northern blot analysis. The results shown in Fig. 3 suggest that the three BmHR3 mRNA isoforms have more or less identical accumulation patterns; they are absent in previtellogenic follicles and start accumulating in the follicles at stages 241/250, concomitant with the accumulation of the mRNA encoding ESP, the egg speci®c protein that is synthesized by the cells of the follicular epithelium and accumulates in the oocyte as a major yolk protein (Fig.  3C ). Maximal expression of BmHR3 mRNAs is observed during mid-vitellogenesis (stages 221/230), and this is followed by a decline during late vitellogenesis (stages 21/210). No expression of BmHR3 mRNA is detectable during choriogenesis (follicle stages 11 and beyond).
In these experiments (Fig. 3B) , we have also noted that BmHR3 mRNA has a temporal expression pattern reciprocal to that of factor BmGATAb, a GATA zinc ®nger-type transcriptional regulator of late chorion genes (stages 125 and beyond; Drevet et al., 1994) , whose expression is induced in late vitellogenesis (stages 21/210, Fig. 3B ; see also Drevet et al., 1995) .
To identify the cell type(s) of the developing follicles that express BmHR3, we carried out whole-mount immunolocalization experiments using polyclonal antibodies raised against M. sexta HR3 (Lan et al., 1997) . As shown in Fig.  4A , BmHR3 expression in previtellogenic follicles is restricted to the cells of the ovariole sheath. During vitellogenesis, however, staining is observed in the cells of the follicular epithelium (Fig. 4B±E) . The strongest staining was observed in the follicular cells at mid-vitellogenesis (stages 230 to 215; Fig. 4D ) and, in agreement with the mRNA accumulation results, the amount of BmHR3 protein declined during late vitellogenesis (approximate stage 210; Fig. 4E ). In choriogenic follicles, there was no staining in follicular cells (Fig. 4F) . Most importantly, no staining was apparent in the nuclei of the nurse cells or the oocyte at any stage. Thus, based on the immunocytochemistry results, we conclude that the late induction of BmHR3A occurs mainly in the follicular cells of vitellogenic follicles.
BmHR3 binds to RORE-like sequences of the ESP and BmGATA promoters in vitro
Insect HR3 nuclear receptors are relatively close orthologs of the vertebrate ROR/RZR receptors (77% amino acid identity in the DNA binding domains; Gigue Áre et al., 1994) . The ROR/RZR receptors were shown to bind as monomers to nuclear receptor half sites ((A/G)GGTCA) preceded by A/T-rich sequences (RORE domains; McBroom et al., 1995) .
Because the temporal expression pattern of BmHR3 mRNA during oogenesis parallels the transcriptional expression of ESP and is reciprocal to that of BmGATAb Fig. 3 . Northern blot analysis of expression of BmHR3 mRNA during follicular maturation. Numbers refer to follicle stages with respect to the start of choriogenesis (11; for staging system see Swevers and Iatrou (1992) ; 2n refers to stages earlier than 251). RNA blots were hybridized successively with probes for BmHR3A (A), BmGATAb and all isoforms of BmHR3 (B), ESP and early chorion genes (C) and actin (D). Sizes of mRNA species are indicated at the right of the ®gure. Exposure times of the autoradiograms are as in Fig. 3. (B) An autoradiogram that was probed simultaneously with BmGATAb and the common region of BmHR3. Previous blots using the probes separately have shown that the 3 kb mRNA and the 3.5±5.5 kb mRNAs correspond to BmGATAb and BmHR3, respectively. (Fig. 3) , we also addressed the question of whether the ESP and BmGATAb gene promoters are targets of regulation by BmHR3.
Our inspection of the promoter sequences of these putative BmHR3 targets for the presence of RORE-like elements, revealed the presence of one potential site in each of the two promoters (Fig. 5A) . The ®rst site was found at a point mapping 677 bp upstream of the transcriptional start site of the ESP gene (Sato and Yamashita, 1991) ; the second one was present 574 bp upstream of the BmGATAb transcriptional start site (M. Lunke, K. Iatrou, unpublished results). The two RORE-like sequences (ROREesp and ROREgata, respectively) with 4±6 adjacent nucleotides of the two promoter elements (Fig. 5A ) were synthesized and used in bandshift analysis with in vitro synthesized BmHR3A. As shown in Fig. 5B , BmHR3A binds both the ESP and the BmGATAb RORE-like motifs and yields speci®c complexes that can be competed out by the RORE-like sequences but not by non-speci®c DNA. Although the unprogrammed lysate also contains factor(s) that binds to RORE-like sequences, the background complex migrates with a different mobility than that of the complex obtained with the programmed lysate. We, therefore, conclude that BmHR3A is capable of interacting in vitro with the RORE-like elements of the ESP and BmGATAb genes.
BmHR3A functions as a constitutive activator in a B. mori-derived cell line
To investigate whether BmHR3A is capable of activating RORE-linked reporter genes, transient expression experiments were carried out. A BmHR3A expression vector (pEA.hr3a) was transfected into silkmoth tissue culture cells (Bm5 cells) together with a reporter construct containing 4 copies of the Drosophila FTZ-F1 RORE linked to a basal promoter (pBmbA/ROREdro). In the absence of BmHR3A expression vector, only low levels of reporter gene activity were observed from the RORE-linked basal promoter (Fig. 6) . When the BmHR3A expression vector was co-introduced in the culture cells, however, strong activation of the promoter was observed that was dependent on the RORE sequence ( Fig. 6 and data not shown) . Repeat experimentation showed that BmHR3A activates the RORE-linked promoter construct approximately 75-fold (75.1^1.6; n 6; Fig. 6 ). These results show that BmHR3A functions as a constitutive activator of RORE element-containing promoters in Bombyx tissue culture cells.
Although BmHR3A bound the RORE-like sequences in the ESP and BmGATAb promoters in vitro (Fig. 5) , no BmHR3A-dependent activation was observed with reporter gene constructs harboring two or six copies of either ROREelement in their upstream regions (data not shown). This suggests that additional follicular cell-speci®c co-factors, that are missing from the tissue culture cells, may be required for BmHR3A-mediated activation of the two speci®c RORE-like sequence-containing promoters.
Materials and methods
Animals
The silkmoth strain used in these studies was obtained from the Forest Pest Management Institute, Sault Ste-Marie, Canada. Larvae were reared at 288C on an arti®cial diet (Yakuroto Co., Japan), while pupae and moths were kept at 258C.
Abdomen ligations, 20E injections and RNA extractions
Day 3 spinning larvae were ligated between the thorax and abdomen region using silk thread. The head/thorax regions were removed and the isolated abdomens were kept for 3 days before any further experimental manipulation. Developmentally arrested abdomens were injected with 10 mg of 20E (Sigma) dissolved in 5 ml of 50% ethanol, between the ®fth and sixth abdominal segment. RNA was extracted from ovaries isolated at different time intervals after injection as previously described (Swevers and Iatrou, 1998) .
Reverse transcription-coupled polymerase chain reaction (RT±PCR)
Degenerate oligonucleotide primers were designed based on the DNA binding domain and hinge region of Manduca sexta HR3 (Palli et al., 1992) and had the following sequences: forward primer, 5
H -ATXCCNTGYAA RGTN-TGYGG-3 H ; reverse primer, 5 H -ACYTCRTCYTCNACYT-TYTC-3 H (R, A/G; Y, C/T; X, A/T/C; and N, A/G/C/T). RT±PCR reactions were carried out as described before (Horner et al., 1995) . (B) Gel retardation assays in which BmHR3A translation mixture or unprogrammed reticulocyte lysate was assayed for binding ESP (left) or BmGATAb (right) promoter-derived RORE-like sequences. Binding reactions were competed with 10-times excess of speci®c RORE-like sequence (competitor) or non-speci®c (Bluescript) DNA as indicated. The complex formed by in vitro translated BmHR3A is indicated by an arrow. using total RNA from vitellogenic follicles as template. PCR ampli®cations were done for 30 cycles at 948C/1 min, 558C/1 min, 728C/1 min. A 270 bp RT±PCR product was obtained, cloned, sequenced and, after conceptual translation, shown to be 100% identical to the corresponding regions of the HR3 DNA binding and hinge domains of Manduca and Galleria.
Library screening
A Lambda gt11 cDNA library generated from mRNA isolated from follicular cells of vitellogenic follicles was screened under stringent conditions (Drevet et al., 1994) with the 270 bp RT±PCR product encoding the DNA-binding domain and hinge region of BmHR3. The inserts of hybridizing clones were subcloned either as EcoRI fragments or as blunt-ended PCR products obtained by ampli®cation of the cDNA inserts with Lambda gt 11 forward and reverse primers (Invitrogen) into the EcoRI or EcoRV site, respectively, of plasmid Bluescript (pBS/SK 1 ; Stratagene).
DNA sequence analysis
Sequence comparisons were performed using the GCG (Genetics Computer Inc.) sequence analysis software package.
Northern blot hybridizations
For Northern blot analysis, 5-mg aliquots of total RNA were separated on 1.5% agarose gels containing formaldehyde as denaturing agent (Lehrach et al., 1977) . At the end of electrophoresis, the RNA was transferred to Hybond-N 5 H -ACGCGATATTTGGGTCACTCACA-3 H
